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CHAPTER 1

INTRODUCTION

1.1 General Introductioc.

The amechanisa of the formation of a detonatiou
wave in a combustible gas mixture has been studied
extensively in the past, both theoretically and
experimentally. Whereas many aspects of the transitiowu
process are still not fully understood,.the process of
the stable detonation wave has been fully clarified.

The transition of deflagration to detonatiou is a
fairly rapid and rather complex process. Its duration
is affected in part by the temperature, pressure ana
composition of the initial reactants and by both the
amount of turbLulence present tefore igniticn and the
amount generated hy the flame. Another izgortant
factor is the shape of the vessel in which the
combustion takes place. Burning gas aixtures is long
cylindrical tubes is a coumon method for investigatiag
detonation phenosena.

From profiles of the average vave velocity aloang
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the leugth of a coambustion tube, the detnnation

induction distance can be determined. The induction
distance is ordinarily defined as the distance from the
ignitor to the point where a detonation wave forms.
This distance varies from one gas mixture to another,
and is affected by the initial conditioans.

#hen a combustible gas mixtare contained in a4
cylindrical tube of coanstant diameter is ignited at oae
end, a flame front is produced which propagates into
the uaburat mixture. Because of the temperature rise
bebind the flaae front, the pressure of tue kburant gas
increases. This increase in pressure leads to the
formation of a shock wave at some distance ahead of the
flaae. The zoue between the front of the shock wave
and the tail of the combustiou wave constitutes the
detonation wave during the transition period.

Behind the shcck wave, the unburned gas is
compr2ssed. The forsation of the shock wave Ly tae
propagation of the flame froant is similar to that
produced by a moving pistosn.

Because of the‘heating of the unburned gas tehird
the shock wvave, the flame speed increases. In acalojy
to the piston, the expanding coabustion gas does vork

on the unburned gas behind the shock wvave and, thereliy,
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g produces detonation temperatures vhich are bhigber than L_

g the corresponding adiabatic flaae tesperatures at Eg,

& copstant voluse. ECecause of tkis tepperature rise the té

= flaze froat continually accelerates and thus produces i»

- additional pressure waves vhich iuciedse the streagth ;3

. of the shock vave. At some point, the flame frout is ?2

N travelling fast enough to catch up with the tail of the E;

; " shock wave. The resulting structure of a shock wave ;&

- and adjacent coasbustion wave is called an overdriven ?é

r detonation wave, o

_ﬁ Eg In this state the detonation wave is unstable EE
‘f because it has not attained its final speed. The Nich '\

\ E nusber of the tail of this detonation wvave (vith ‘ ,

;E = respect to the burned gas) is less than one. The . 'ﬁ‘
EE = detonation wave is considered stable after the tail §§

- Q Mach number reaches unity. The wave is thern called a
E; = Chapran-Jouguet detonation wave. g;

‘;% Ei An overshoot in combustion gas pressure and shock g?
3 - wvave velocity occurs as the flase front rushes up to t
A the tail of the shock wave. The magnitudc of this ;i
R . pressure overshoot depends on the volume of the heated 32

but unburned gas in the region between the shock vave

(0
~eme
v _ 8

Vs

and the flaae front at the time of merging. The

- - -
TS,
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merging process is fast enough that the unturned gas in

-
L XL

|y R
kX

PR A
PP
‘e v
L o ""...'l

NS
o000

N o |

L

TR Tt _-. T SR TR T e T N AN NN R ~;..‘.' ""v";-";""’}., 4




N T —_— P e e T S R T Y

‘ this region explodes almost instantaneously.

A region of low pressure exists at thé ignitor eanl
of the tubke as a result of the forwvard aomentun
imparted to the combustion gas by the passage of the
shock wvave. This low pressure region propagates
rarefaction waves upstream which catch up to and reduce
the streagth of the overdriven detonatiovn save. These
vaves reduce the speed of the detomation wave oY
reducing the gas pressures within it. The net result
is a continual inctrease in the Mach number of the tail
of tie detonation wave.

Eventually, the tail Mach nuaber becoses equal to
one, and the expansion waves no louger weakem the
detonation wave. At this point, the detcnatioa wave is
considered stable and proceeds down the rest ot the

length of the tube at a constant rate.
1.2 Statemeut Of The Problen.

The yuestion of whether induction distance is
affected more by changes in initial pressure or
temperature has never been counpletely resolved.
Furtheraore, the role ot the speed of sound in the

unburned gas mixture and how it affects the leangth of

T o
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the induction distance has yet to be fully undecrstood.
A study is undertaken here to provide Lketter
insight into the relative importance of the initial

pressure and teaperatdre on the induction distance.

This is done py calculating the relative energy

transfer to the stable detonation wave in severai

A A

hydrogen/oxygea/diluent gas mixtures. The induction

e g

distances for these gas mixtures are experimentally

determined by buianing them in a cylindrical cosbustion

& tube at initial conditions of room temperature and
H atmospheric pressure.
By studying the initial flase froat Mach number,

more insight into the concept of detonatipoan inductiou
due to flame front acceleratioa is obtainmed. The
initial flame froant Mach anusber is calculated for the
various mixtures in this study based on experimentally
determined flame speeds. The investigation of this

N parameter results in a conclusion as to whetkher

. relatively high initial Mach numbers correspond to low

induction distancese.
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CHAPIER 2

LITERATURE SURVEY

There is much literature concerping the traasition
fros deflagration to detonation, but the majority of it
deals with the process occurring in solid exglosives
rather than in gaseous mixtures (referemces 1, 2 and 3
for exasple). The main literature availatle conceruiag
trapsition in coabustible gas mixtures still have not
yet resolved the guestion of what mechanisr causes the
detonation induction distance to change (either
lengthen or shorten) as the initial congitioas of the
mixtuce ate chactged.

Experineats have verified many times that the
detonation induction distance is atffected by changes iu
initial gas aixture pressure, tesmperature, composition,
vessel configuration (i.e. length and aiameter) and the
amount of turbulence present tefore and after ignition.
Barly vork by Sokolik and Schelkin (ref. 4) showed that
initial pressure changes the length of the induction

distance. 1These investigators performed experiments

using hydrogen and oxygen mixtures as vell as various
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hydrocarbon fuels and oxygen. The inital pressure
ranged from 30 to 300 aa of mercury (.04 to &
atnospheres). The results clearly shoved that
induction distance decreases as initial gas gixture
pressure iancredses. This effect of initial pressure
has been confirsed many times since then (referecuces 8,
26, 27, 28, 29 and 30).

Lafitte (ref. 5) did various early experisents
with hydrogen/oxygyen mixtures at different initial
tenperatures. The results of his work (which are
discussed ia ref. 9) showed that induction distance
increased as initial temperature iucreased. The
experiments by Lafitte involved inital teamferatures
ranging from 15 to 350 degress centigrade ( 288 to 623
degrees Kelvin).

Edse and Lawrence (ref. 6) did similar experizents
only to obtain the same trend in induction distance
with 1nitial tesperature. These authors used initial
terperatures ranging frog 123 to 300 deyrees Keavin.
They concluded that the reason tor the change in lengjth
of the induction distance in a coatustitle gas mixture
depends primarily on the acceleration of the flaze
front as vell as on the rate at which the fressure of

the combusted gases increases. 1This conclusion was
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supported by use of an eapirical eguation that

bt o Tt :
+ .
O LSO TR

-

inversely related the detonation induction distance to

"y

oy
B

an espirical factor whose disensions were that of an

.
'l

v
.

o
g

4
.

acceleratios. 1t wvas therefore rpostulated that this
factor vas some unkrovn function of the acceleration of
the flame front.

Bolliager, Foang, Laughrey and Edse (ref. 7)
concluded that tutbulence is an important mechanisnm Ly
measuring the detonation induction distance in
hydrogen/oxygen mixtures wvhere longitudinal rod ianserts
of various diameters were placed in the cosmbustion tube

before ignition. 1IThe mixtures wvere ignited at a

teaperature of approxirately 313 degrees Kelvin and
bothk rod diazeter and initial fressure was varied.
They further concluded that as both initial fressure
and rod diameter increased, detonation induction
decreased. A final conclusion was that turbulence
increases both due to the pressure waves generated and
the resulting interactions as the comtustion wave
encounters area discontinuities.

Bollinger and Edse (ref. 8) also gave another
insight into the effect of turbulemce on the detonation
induction distance. Ttis conclusion represeats a

contradiction to some previous views which is
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“' illustrative of the problems inherent in descritinj the
complicated combustion process of tramsition.

o Briefly, it is known (from the work by Shchelkia

m discussed in ref. 9) that as tube diaaseter decreases,

the detonation induction distance iaccreases. If the

- asount of turbulence per unit voluae of gas mixture is

considered, this ratio decreases as tute diameter
:f increases. 1lheretfore, it should he expected that
I detonation induction distance sbould increase. This
(& behaviour would be expected because the flase
- propagation rate decreasas as the amount of tucbulence
| decreases and the detonatiou process should therefore
. occur in a longer period of time. Hovever, as statead
above, induct;on'distance has been experisentally
é observed to decrease as tube diameter decreases.
. The same type of contradiction is oLtaiped when
the Beynolds nazber of the unkurnt gas asixture set in
o motion by the passage of the shock wave is considered.

If this ratio is based on tube didmeter, it is

;? proportional to the diaseter and decreases as tule
. diameter decreases. Since tbhe Eeynolds numkter is in
;& turn proportional to the amouast of turbuleuce, frop
. this reasoning we souyld also expect the induction

distance to increase as tube diaseter decreases. 0Once
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i again, the expected result is in disagreement with t__,_

. experimentally observed behaviour. These conclusious ~:

: exenmplify the need for a better understanding of the :::

= tole of turbulence in the induction process. V.

- Lafitte and Shchelkin have shown that detonation

wvave velocities in toug'h tutes are only 40 to 59
- - perceant that of those oLserved in tubes with smooth '.:
valls. Rybanin (ref. 10) sussarizes the reason for :
these results as beiny due tu the gas mixture 'being ‘
- r ignited at the points of wave reflection from the wall ' 3
= roughness. 7The temperature at these reflection points ‘
- has Leen shour to be bigher titan the temperature behind j"
" E the shock wvave. Combustion propagates toward the
__ ceater of the tube and fills the cross section. Thus, .:
}' the coambustion occurs befora the amixture has tiame to ::
. Q igaite as a result of the cospression process behiud ~
:‘ 2 the shock wave. \
'2 o The question of whether the unbucnt but shocked :_
gases between the shock wave and the flame front ignite '
~ spontdaneously or by a less rapid process wherety the
flame front merges with the tail of the shock wave, bas _‘
-.. been investigated quite thoroughly. Oppenheia, Sterao :
'-, :i'- and Urtiev (ref. 11) have analyzed in detail the :
:\_-;' b results of experiments by Schmidt, Steianick€and Neukert :
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(ref. 12) using propane and air eixtures and Schleiren
photographs of the combustion process. 7The idea of
pre-ignition due to the formation of high teaperature
areas cliose to the shock vave causing ignition of the
gas mixture between the shock vave and the flame front
3 vas investigated. oOppepheinm, Stern and Urtiew

concluded that the phenopeaon cf pre-ignition does

cause, but is not neccessary for the formatiou of a
detonation wvave. 1Un either case, it vas further
concluded, an overshoot in both detonation wave
pressure aud velocity would Le otserved.

Beyer, Urtiew and Oppenheim (ref. 13) have
concluded that the gasdynanmic process of compression
Letween the shock save and the flame front contrilbute,
at most, only 4 perceat to the eahancemect of che
transition process in hydrogen/air mixtures. Thus, tie
: phenosenon of transition to detonation must te
associated with heat or mass transfer fros the flaue
front although the effects of the unsteady boundary
layer should also be considered. 1These authors®
conclusipns are based on the results of the calculated
value of the fractional progress of the induction
process which takes the value ocmne when detonation

y occurs. Values that they calculated for this fracticn
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s vere at most egual to .04 . 1This means that a particle
in the shocked but uanbuint gas mixture would have only

achieved a pressure and tesperature of 4 percent the

- value that it has at detonation if the traasition
& process were the result of gasdynamic coapressican only.
Stehlow, Crooker and Cusey (ref. 14) have :
concluded by both theory and experiment that the l”;t
-~ accelerating shock wave preceding the comktustion
process can lead to the forsation of 'hot svots?! (gre- E ?
t ignition points) near the shock save which initiates an e
explosion and produces a detcmation wave. 2oth

Strehlov et al. and Meyer et al. conclude that the

. transition process can be rodelled once the complicated
kinetics betwveen the shock wave and flame froat are

fully understood.

| . Atkinson, Bull and Shuff (ref. 15) have ‘
- investigated the formation of spherical detonatior ;;?ki
vaves in hydrojensuxygen mixtures. They introduced a ;?55
relatior. for calculating the detomation induction

distance, [ ], as a function of the induction time, t,

and the velocity, u, of particles traasaittinyg tne

- coakbustion wvave just prior to detonatiocs, [] = ut. A
. plot of t versus #, the stoichiosetric ratio of

hydrogea to air ip the aixture, wvas sade after t had
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been calculted for various values of the induction
distance obtained from measurements and u vas assused
to equal the speed of the stalLle C-~J wave for each
sixture. Apother coaclusion wvas that the most
detovnatle mixture of hydrogensair occurred whea # was
approximately equal to 1.2 .

Work in the area concerning the developsent of
relations for the the speed of the flame front as it
accelerates into a combustitle gas mixture has aot
progressed much further than analysis of the flasme
front immediately after iguition. Studies Ly Urtiew,
Laderman and Oppenheina (ref. 16i have produced
relations that are based on the francipal that the
pacrticle velocity of the shocked Lut upkurat gases,
prior to when the flame front reaches the 4alls ot the
detonation tube, is a linear function of the flamefront
area. In their investigation, these authors have
cousidered cases in which the flame front initially
propagates avay froa the ignitor in a hemispkerical
shape and where it propagates in the shape of a
proiate spheroad. The justification for using such
shapes is that they are based on photographic records
of the combustioun process. Use of their method is

dependent on the experimentally deterained values of
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the initial area of the flame front and its initial
averaye velocity. What is important atout this
research is the emphasis on the importance of the
initial Mach number of the flame front.

Other work by Edse and Strauss (referemnces 17, 18,
19 and 20) has produced data concerning the flame
speeds of vacrious carbun monoxidesaic wixtuczs at hiajh
ambient pressures. The data obtained by these authors

has shown that flame speeds for cacbcn monoxideyair

mixtures decrease with pressure, whereds tne flaase
speeds of hydrogensoxygen mixtures incredase with

pressure. A major problea ian exfperiamentally

deteraining the flame speeds of mixtures thaut Lebhave
like the carbon mounoxidesair systea is controlling

: flashback. 1In othar words, higher asbtient pressures .ﬁ§135§

| require hijher gas speeds which, coufpled with the lover “

' flane speeds, can make it impossible to maintain a R

: flame. Empirically derived relations for the flame
speed can tluerefore not be applied to pressuces aand

. teaperatures that are much higher than those at which
the experiaents were conducted.

) Since it is possible to apply the energy,

: continuity and Hugoniot eguations to the coabustion

process within a stable detonation wvave, several

-
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i methods exist in the literature for calculatioa of C-J l.{
detonation wave parameters. 4An early metbhod used by \
; Levis and Priauf (ref. 21) calculates values based on :_r
= the frozen speed of sound in the comkusted gases at the .
- tail of the detonation wave. This sethod, which is
- grnerally considered to be the tirst develoged, does .
. not include the presence of atomic oxygen ir the '_
- combusted gases. 1Ibe authors Ltelieved that the amount |
of atosic oxygen formed was not enough to affect the
l" results of their calculations. However, if one wishes b
- to obtain a coaplete description of the state of the
- combusted gases, atomic oxygen should be taken in to {
':' account since in mpixtures involving oaly hydroyeu ana _ '
oxygen, the mole fraction of atomic oxygeu is usually
.. on the order of .02 which is not negligitle.
c Berets, Greeme and Kistiakousky (zef. 22) aad Dunn '
and Wolfson (ref. 23) Lase their methods ou the frozen
speed of sound in the coabusted gases and thecetore
obtaizn values of the teaperature at the tail of the o
— detonation wave which is less than actual. Cosgarison "'
‘ of temperatures calculated by the atove authocs has . :
:_: shovn differences as much as 130 degrees Kelvin. The w:’
Fe reason for these differences is genecally attributed to \
y their use of thersmodynamic functious which are not of |
b Zi-;:-
o A
%




' the same accuracy.
Eisen, Gross and Rivlin (ref. 24) introduced a
-~ method that bases results on toth the frozen and
- equiliktriua speed of sound in the combusted gases.
Bollinger and Edse (ref. 25) introduced a sisplified
o metkod for calculating stakle detonation wave
parameters in hydrogen/oxygen zmixtures in which tue
i% Hugoniot equation for a chemically reacting gas mixture
is sulved for the ratio of the pressure of the uaturnt
- to burnt gases at the tail of the detonation wave.
This iterative procedure calculates the partial
pressures of cach specie present in the combustion gas
. and produces correct results which are obtained without

having to calculate either the frozen or eguilitrium

v

.
.
.

speed of sound.

. The procedure presented in chapter three of this
paper iterates uatil the C-J conditior a2t the tail of

- the detonation wave 1s obtained. Equaticans fotr
calculation of parameters in gases containing u; to

eleven species is presented.
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CHAPIER THREE
THEORETICAL ANALYSIS
8 This chapter deals with the calculation of statle

detonation wave patam:ators in combustible gas mixtures.

H An iterative methocd is preseunted for determining the
& pressure and temperature of a cosbustion gas at tte
tail of a stable detonation vave, and the associated

vave velocities and gas speeds. Egquations for

L 8. 0¢

A

calculating the combustion gas composition in severul
hydrojen/oxygen/diluent mixtures are presented where
the diluent gas is either nitrogen, carton dioxide or

some ipnert species.
3.1 General Method.

1he Hugoniot equations, the energy aand coantinuity
equations, and the equation of state are useful in
describing the kinetic and gasdynamic processes that
occur 4S a stable detonation wave passes through a

coabustible gas mixture. The fact that we calculate

oL " IR
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h parameters for stakle detonation wvaves enatles us to
check the accuracy of tne results since we know that
; the velocity of the tail cf a stable wvave is egual to
the equilibrium speed of sound in the gases tehind it.

gince the thermodywanic functioas of the

combustion gas are complex functions of teasperature,
and the composition is uependent on Loth temperature
and pressure, an iterative proceduie is reqyuired. Tne
procedure begins by specifying initial estimates of the
temperature and pressure of tke combustion gas. These
- estimates are continually improved until the calculaced
value of the tail Mach number is unity. Also, it is
assumed that the ccumbustion process occurs in toth
thernél and cherical egquilibrium.
Since this study deals with hydrogens/oxygen Lased
pixtures that have a third gas additive of either
carbon dioxide, nitrogen or anm amett yas, the fcllowiug

eguilibria are considered:

pom0  avi®ay
pH,=H avifl. gy

R — aviM. 3

20, + dH,=on Av(®. g
20, + N, T=N0 AviM. g
20, + cog=co, avi®0%2l. 4
$0,+ H,s=H,0 AviH0.
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In the calculation of the overall mole number
change,

V(l) = (1)
A 29 [P S

- vhere nmole nuabers on the left side of the reactioas
j: are considered negative, and the mole nunkers ou the
right side are cousidered positive. Also, i sums over
ﬁf all of the species in the particular reaction.
For instance, if tue gas mixture in consideration
C vas 0, + H, + CO, , we might order the eguilitria in

the followving manner,

(1) #0,+ 4 K, T=OH 1=0H
s (2) %0,=0 1=0

- (3) % H,T=H L=H
. (#) 40, + COT=CO, 1=C0,
- (5) %0, + HyCTZ HO0 1=H,0

e Nusbering the eguilibria will make thes easier to

X -;.-_:.r,'.- v
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’ reference while calculating the elements of several

subsequent matrices.

] An ipitial estimate of the fressucre at the tail of

the detonation vave can Lte okttained Lty consideriang the

effect of heat addition to a supersonic flow of a

calorically perfect gas. 1In particular, when 4y Joules

of heat are added to one kilograa of the moving gas,

the pressure ratio across the resultang thersal vave

p3 '"3' ! ¥9 2;‘7¢1 !
= 1 + c T 1+ 1+ (s} T (3'1‘2)
p1 1

P

q
The diameusionless heat release tactor, ‘E‘TI v
. P
. can be expressed .n terms of the comkustiocn enthalgpy of

the fuel ard the dimensionless specific heat of the

combustion gas as follows,

Ty
q lan 1 (3.1-3)
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vhere IA%mﬁmg is the absolute value of the

coabustion enthalpy of one mole of the fuel at the

unbuznt gas temperature T1 - The Vi o are the mole
9

nusbers of the constitucuts of the uudissociated

combustion gas obtained froa the stoichiometric

c

equation for the reaction. igi is the dimensiorless

specific heat of species i1 Lhetween the teaperatures T3
and T1 - The eppirical correction factor O takes
dissociation into consideraticn and is equal to
approximately .5 . A reasonaltle estimate for Y is
approximately 1.3 .

Next, the specific volume of the corbusticrt gas

cah be estimated froz the fcllowing relatior,

M =1
AR 1+ 23 1- 1+ 2 ] (3.1-4)
= + - + i~
vy T [ Cplt 3

Finally, the ipitial estimate of the conmlusted gas

teaperature is obtained,

)
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In equations (3.1-2) to (3.1-5), the sulscript 1
refers to the conditions of the uaburnt, uashocked gds
. mixture. The subscript 3 refers to the conditions at
the tail of the detonatiou wave. In suksequeant
equations, the superscript EST refers to an estimated
value of a quantity which will equal the actual value
. at the end of the iteration.
EST
With thesiﬁﬁ?itial estimates of tewperature,T3 R
and ptessute,P3 s the eguilibriun constants tor the
dissociation equilibria are calculated. Taule {3-1)
lists the K-relations for the equilitria of page 18.
Tka2 ag is the coefficient of the equililiriuz constant
of species i at temperature T and is intergolated from
Tables (3~2) and (3-3).
Following calcuiation of the equilikriua

constants, the mole fractions of the species in the

costustion gas are calculated. Since the equations wor

calculating the composition are uniyue to the auwount
and types of species present in the combustion gas for
particular ainitial gas mixtures, it will suftice'at the
present time to refer to the composition egquations of

. section 3.2 for the mixtures considered in this stuay.

These composition calculation grocedures reguire at

. . . K [P SPCC S S S JC  SC C NS S} - T et et e
Y RN .";.'.-.‘:.' R S
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. least an initial estisate of the mole fraction of
diatoaic oxyygen in the combustion gas. Gas mixtures

. containing nitroger and carbon (as well as hydrogen and

- oxygen) require initial estimates of both diatoaic

- oxygen and diatomic nitrogen.

> Once the coaposition for the estimated temperature
anl prassure has been deterasined, the molecular mass of

the cosbustion gas is calculated,

TEST
- 3
R’ - T M, (3.1-6)
CcG i
.' Followed by the reduced enthalpy,

ST

> 3 T ST o
(hf) T§S 2'\ (H~E° T‘; . (_%) _::s"T( (3.1-7)
—_— = i
T )1 i
. Q CcG mcc i & 3
“ b the inaividual o2 int lated f
.-‘_ where e 10h0a1vidua tri dre i1nterpoiate tcn

Tables (3-4) to (3-5). The universal gas constaat, & ,

g is equal to 8314.33 J/Ksol K, and the specific gas
constaat is egqual to,

N ; -

~ oBST oEST N

- 3 . QR 3 (3.1-8) :

e RN

o ) ° AN

: 1he apbsolute formation eanthalpires, o are AN
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obtained from Takle (3-6).
From the eguation of state, we deterpmine the ratio
of the specific volume of the cosbustion gas to that of

the upnburnt, unshocked gas mixture to te,

(3.1-9)

/”3) L (T

\" (z, p§ST 'mcc)

from the Hugoniot equation for e chewmicdily
reacting gas, we calculate a value for the pressucre at

the tail of the detonation wave,

5 s [ TG - G ()] o

If the absolute value of the differeuce tetween
the estimated and calculated pressures is large
{greater than .0000001 for instance), we seestimate the
pressure in the following maaner,

EST(n+1) EST(n) cale(n)

!ST(ni -
P3 - P3 + xpa‘ (P3 - 93 ) (3.1-11)

vhere xp is approximately eguai to .5.

3
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The coaposition is recalculated usiung the new
estimate of pressure and the old estimate of
tenperature. If the difference is small, ve proceed by
calculating the dimensionless specific bteat of the

coanbustion gas,
ST ST
% \75 %\%
- ’Z"i vl (3.1-12)

T

c
P

vhere the individual (§)1 are intecpolated Eron

Tables (3-7) to (3-8).

The frozen ratio of specific heats is calculated

next,
. T

(cp)aﬁs

5 ® /cc (3.1-13)

h | = od=

F (c,,)t'ggT
e -1
Q’ CcG

Since the C=J condition is based oc the
equilitrius speed of sound in the combustion gas at the
tail of the detonation vave, the effective ratio of
specific heats must be calculated. This ratio is a
function of the specific heat from equation (3.1-12), a
chermically reacting specific heat ratio acd the effect

of the local mole number changes as sound waves
N\
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traverse the equilibriur combustion gas. The relation

for the effective specific heat ratio is,

c\5 " Aﬂgl)J -1 ( autd
5 e BN Y
v = T §))] €))
oG e e )
- - LY L) -V
ce Rr [1' [ Y

‘ | s (1) -1 (9

. et N I L !

5 * antD) " (3.1-14)
1+ l a: ] '[al.j] . Av(j)!

The quantity in the first set of sguare brackets
is ret ered to as the chemically teacting ratio of

specific heats. It has a value ot,

1.!5'1' TEST TEST
v 3 14 73 < 2 J
off c.r. F

The quantity in the second set of brackets takes into

accouat the amole nusber changes.
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-1
The inverted __ Sgudre ﬂattiCES[ﬁ”J]
-1
and Dﬁ-J] o are defined as the inversions of the

matrices vhose elements are,

W) o W0

ng

(3.1-15)

i) - 21:
['1-3] * [bl.j] - ‘Vgl) . Avgj) (3.1-16)

The letters 1 and j refer to the cheaical chacnje.
For exaaple, 1f the equilibria on fpage 21 are being

considered,
1 = OH,0,H,C0,,H,0 § = CH,0,H,C0,,H,0

Since the reactions are numbtered, the subscripts 1 aad

j can ke written as nusbers, for exasgle,

®1,1%%H,0H ' 1,2"P0n,0 ' By,3%boy,y  *tc:--

. f
The i;zgfnts of the row matrix LIFF_J aand coluaa
matrix are obtained froa Table (3-9Y).
- ° (3=3)

The values of the row and colums matrices,
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and

ax{t)
are easily obtained since the e and avil) are koown.

Likewvise, the column matrix "JJ)‘is easily
determined.
Once the effective ratio of specific heats 1is

calculated, the eguilibriua speed of sound is oktained,

ﬁ?T ;ﬁ
T
 J = Y RCG Tg

.'3 eff (3'1‘17)

and the dugoniot equation for a noreal shock wvave
produces the velocity of the head oZ tke detoratiou

wvave as follows,

A B

The continuity equation produces the velocity of the

!
v
3
(3.1-18)
2)

tail of the detonation wave,

) (3-1’19)

V3
vy - '1'\v1
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If the absolute value of the difference between W3
aad ¥y 3 iz large (greater than .0000001 for instance),
We make a nev estimate of the teaperature froa the

following relaticn,

.rgsr(mz) . Tt;sr(n) . ,13.( vy - v o) (3.1-20)

where Xp is apfroximately eyual to .5 . The cntice
iteratioésroutine is begun again until the magnitude of
the difference Letween w3 and wa’B is very small.
Lastly, the velocity imparted to the comtustion
gas by the passage of the shock wave is obtained as

follows,

uz = oWy - w3 (3.1-21)

The folluwing section 3.2 contains the composition
€ uatiins that are used to cowpute the mole fractious
of the combustion gas. They are presented in an

aljoritha form to demoustrate the iterative nmature of

the calculatione.

* ey -
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A 3.2 Composition Equations.

7’

P To introduce the eguatioans for calculating the

combustion gas comwposition, the case of the
hydrogen/oxygen/carbon dioxide mixture will ke
considered. Pirst, the ratio of the glotal sole nuunker

of diatoaic oxygen to that of diatomic bydrogen is

L calculated,
&
t, = v§ / v& .2-
02 0" "Hy (3.2-2)
This ratio remains constant during the comsbustaon
. process. It is caiculated during each iteration and is

cale
denoted by %, < Cne of the conditioas for ending the

..."-:'.:

composition iteration is the requirement that,

2 2

llext, the ratio of the glotal mcle nuatercs of

carbon to diatomic hydrogyen is catculated,

&

i t. = v&/ vﬁz (3.2-2)

< This ratio is also constant during the cozbustion
- process.
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Adn initial estimate of the¢ mole fraction of
diatoaic oxygen is required and is geperally

initializeéd as,

_EST(0)
", 1

At this point, the mole fraction of atomic oxygen is

calculated,

n = kO ynEST (3.2-3)

02

folloved by,
A= (x°’* ngr x“)-(x + fc/z) (3.2-4)
: 2

Bs= (x“2° Jngz'r . 1)-(1 + fc) (3.2-5)

The moule fraction of diatomic hydrogen is acw

detecrmined,

e (VBT ) ()} e

which allows the mole fractiou of water to fcllow,

- gH20 ‘I EST .
"nzo X M, Mo, (3.2-7)

and the mole fractionm of 0H,

. eyt my cg t, e, w, e, 4 = »
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n as well as atoric hydrogen,

' " m (3.2-9)

;! Now the global mole fraction of diatomic hydrogen

is calculated,

€. -
o "HZ 'IH2 . ﬂuzo + (nOH * nH)/Z (3.2-10)

fcllowed by the glokal mole fraction of car:tow,

.2-11
H, C (3.2-11)

.- Next, the mole fractions of CO aud CO are

octained,

y € co EST )
. Neo = N /(1+x 2 “°z ) (3.2-12)

g
Mo, = c = Mo (3.2-13)

o and finally the glcbal mole fraction of diatcric

- oxygen,

— g EST ) )

Using the above mole fractions that are based on

. .
L

the estimated mole fraction of diatomic oxygen, a

B!_-

calculated value of %, is deterained,

f“lc tl8 /n‘ (3.2
- 0, 0, H, 3.2-15%)
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If the absolute value of %;':“ is large
{(greater than .0000001 for examrle) a nev estisate of
the mole fractiom of diatomic oxygen is made using the
following empircical relation,

al K ]
nzsr(n¢1) nzsr(n) . (fo calc ) (3.2-16)

0, = o, fo,
and the iteration is started again ty returning to
ejuation (3.2-3).

For gas aixtures involving only hydrogen and
oxygen, the above iteration can be used bty specif ying
that % is cqual to zero.

For gas mixtures containing both carbon and
nitrogean (as well as hydrogen and oxygen), the ratio of
the global mole nusbter of diatomié nitrogen to oxygen
is also calculate

[ 4 4
v /v (3.2-17)
N7 70,

£
N,/0,

and an initial estimate of the mole fraction of

diatosic nitrogem is required,

EST{0)
n = .6
N,

These relations are inserted after equation (3.2-2).

The mole fractioans of NO and atomic nitrogem are

4
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calculated froa the following relations,

x"°4n 'Jn .2-18
N, 0, (3.2-18)
n” - KNJ"N (3.2-19)

2

and are inserted after equation (3.2-3).
Thke eguation for the mole fraction of diatomic

hydrogen, egq. (3.2=-6), is replaced by,

EST EST ! A\ (2
. 1"‘:«2 -Mo, - Mo - "‘u)/B ‘(En—)

( 3:2‘20)
aad the equation for the global mole fraction of

diatomic oxygen, eq. (3.2-14), is replaced ty,

€ EST ) )
noz - qcoz + noz + (nCO + "Hzo + "on * nNO + A, /2 (3.2-21)
The global mole fraction of diatomic nitrogeu i3

obtained fronm,

¢ EST
"Nz = nN2¢ (nNO + nN) /2 (3.2-22)

and ig inserted after eyuation (3.2-21). A calculated
value of fhymz is deterained as,

r::j; = n,z / "02 (3.2-23)
which is inserted after eguation (3.2-19).

If the absolute value of 1, ,-14, is latge
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(greater thaa .0000001 for example) then the estimate
of the mole fraction of diatomic nitrogen is imgroved

by the following espirical relation,

EST(n+1) EST(n) calc -8

Ny - Ny, e (fN2/02 / Suyfo; ) (3.2-28)
This relation is placed after equation (3.2-16) which
improves the previous estimate of the mole fractiou of
diatomic oxygen. If the gas mixture contains only
hydrogen, oxygen aund nitrcgen, the value of fbis set
egual to zero.

shen the dilueat compotent of the gas mixture is
an inpert specie;,the composition iteration is started
vith determination of the ratic of the global mole
aumber of the inert gas to that of the diatomic
hydrogen,

1, = v: / v:2 (3.2-25)

This is in tura followed by calculation of sz from
equation (3.2-1) and an initial estimate of the mole
fraction of diatomic oxygen,

EST(o)
n =

.1
0,

The mole fraction of atomic oxygen is determined

froa egaution (3.2-3). This is in turn followed Ly

o A O A N A it L LR R g SN R IS, (AN O N, (R
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!l calcuiation of the following two guantities,
t’,; A= (x°“ "ﬁf + xH ) -(1 + t/z) (3.2-26)
.. B = (tzO‘I;EET_ +1 ) o (1 3 4 ) (3.2-27)
2 X
- The mole fractions of atomic hydrogen, wvater and OH are
’ ottained from equations (3.2-7) to (3.2-9) . 1he
_i glotal mole fraction of diatomic hydrogen is obtained
: from eg. (3.2-10). The global sole fraction of
f; diatomic oxyyen is obtained froa,
": = nzST *(nﬂ o * Moy *+ N )/2 (3.2-28)
2 2 2 0
il The value of %, is determined from ejuation
(3.2-15). A new estimate of the mole fracticn of

2; diatoaic oxygen is made fros eguation (3.2-16). The
cale
p iteration is continued untii foé'foz is sgall.

The procedure described in sectioa 3.1 for

calculation of the detonation parameters of a stable

detonation wave was used to detarmine the fparaceters of M
s the following gas mixtures,
a 0, + Hy +iC0,
.
ey
20, + Hy + N,

PP

iOz + Hz + He

i

ioz + Hz + Ar

NN

- . te e .- . - e el ot . e e e e
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The detonation parameters of T3 . p3 v w3 oW, 4nd the
gas speed u3 were calculated for differeant initial
temperatures of 100, 20¢, 300, 400 and 500 degrees
Kelvin. The initial pressures considered were .1, .5,
1.0, 2.0, and 5.0 atmospheres. 1he results of these

calculations are compiled in lables (3-10) to (3-13).
3.3 Initial Pressure V¥s. Initial Temperature.

The results obtained by calculating the parametess
of a stable detonation wave describe only the steady
state motion of the wave. It is therefore difficult to
apply them in explicitly calculating the induction
distance. However, it is interesting to nctice that
the pressure ratio, ;% s Bay ke related to the
magnitude of this distance. BEy observing plots
(Pigures (3-1) to (3-4) for example) of this ratio as a
function of the initial gas mixture temperature, T1 0
ve see a relatively sharp increase as the initial
temperature decreases.

From the energy gguatiOn considered tefore and
after the detonation wave, it can be shovn that the

disensionless relative enetgy transfer troa the turmed

gas tehind the detonation wave to the shocked, tut

M
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unburnt gas in the region between the shock wave and

the cosbustion save is,

0
’ An P
* , T, (—pf‘)' 1 (3.3-1)
- A complete decivation of eguation (3.3-1) is given in

the appendix.

k Equation (3.3-1) cshows that the dimensionless

relative energy traasfer is directly proportional to
i the pressure ratio ;% » and iaversely proportional to
. the initial temperature of the gas mixture. This
result is reasonatle since a combustible gas mixture
will generally have a higher enthalpy at a higher
temperature. This in turn lovwers the apount of
relative energy traunsfered frior to tne formaticu of
the stable detonation wave. Furthersore, the
definition of the detonation induction distance is
relative to wvhether ve are considering tae pcint where
the uustatble vave forms, cr the point where it has

tecome stable. Therefore, ¥We can justifiakbly relate

the relative energy transter to this distance.

It is particularly interesting to note that the
P

ratio ;2 s does Lot change substantially as the
1

initial rressure,Pq , is changed. 1This result allows
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ll us to coaclude that initial tensperature, rather than

initial pressure has a more isportaut effect ou the

e length of the induction distapce. However, the

- induction distance does change markedly with changes in
initial pressure.

;j It is interesting to observe that by multiplying

both sides of equatioa (3.3-1) by R;T, we obtair,

P
ar° =R;T (—3 - 1) (3.3-2)

Equation (3.3-2) is the relative energy transfer
per unit mass of gas sixture. Of course, a gplot of
this parameter (for differept initial pressures) as a

function of the initial temperature would show tne same

trend as that ia Figures (3-1) to (3-4) acd would aiiow
us to draw the same conclusionse.
However, by multiplying Loth sides of eq. (3.3-2)

by the initial density the rclative energy transfer per

st

unit volume is oktained,

LI
N

1@,
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By observing values of this parameter (Tatle (3-14))
for the hydrogen/oxygen/nitrogea gas aixture for
example, this parameter is otscrved to increase
dramatically Ltoth as initial pressuce is increased aad
initial teamperature decreased. Because the relative
energy transfer per unit volume is inversely
proportional to initial teamperature and proportiondl to
initial pressure, it is therefore proportiomal to the

initial deusity of the gas mixture.
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EXPERIMENIAL ANALYSIS
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In order to determine the effect of the speed of
sound and the initial density on tae induction
distance, several hydrogeasoxygen/dilueut gas mixtures
initially at toor teaperature (approximately 300
degreces K) and atmospheric fpressure were ignited in a
0.4 meter long combustion tulte.

1he proportion and types of dilueant sgecies used
vere pitrogen (N, ), argoa (Ac), heliuas (de) and carkon

dioxide { co, ) The mole nusbers cf the hydrogen aad
oxyyen were one and one half respectively. Crigiaally,
the mole number for the carbon Jdioxide was oune, Lut it
vas lovered to one half after it was discovered that
its detonation induction distance wW2as longer thar the
length of the cosbustion tube for the given initial
conditions.

Also, the hydrogen/oxygeuns/heliun and
hydrogen/oxygens/argon gas mixtures were kucned at

atmospberic pressuie aad anm initial temperature of 140

degrees Kelvin.
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: 4.1 Apparatus. :G;f
"
w R
f: The cylindrical combustion tube in the experimecut &%ﬁg
- had an iapside diameter of five centimeters. Along it !:n

d (see Figure (4-1)) wdas an array of thirteea randomly {

ii spaced holes into which mounts containing piezoelectric

" guartz pressure transducers could be placed. The

E‘ entire tube was encased in a4 steel cooling jacket

- through which liquid nitrogen could ke passed in ocder

Ef to cool the gas mixtures before ignition in the low

;? temperature part of this experinent.

s The gases for the experiment were obtained fronm

ii commercially available cylinders and wvere of industrial

. purity. The individual gases were premixed it 4 reamote

:j mixing chamber before injection into the coabustion

n tube. Injection of the gases was accouplished tnrough

< an orifice in the iganitor asscmbly (see Figure (4=2)).

.2- The maixture ratios were controlled through a series of

- regulators, valves and gauges contained within a

E? control panel (see Figure (4-3)).

- After injection of the gas mixture into the ture,

:s both ends were closed by use of valves. The mixture

;; vas then ignited at one end by passing an electrical

oy

current through a thin piece of nichrope wire wrapped

. CLe e et e we PP P T P R i SN L I S P T LI G ‘
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across two electrodes in the ignitor.
4.2 Dpata Reduction.

Wave speed was measured at each of the thicteen
locations along the tube using the pressure transducers
in conjunction with a dual bteam oscilloscope. 1Ivo
successive transducer locations were mositored per rus.
The transducer closest to the ignitor was used to
trigger the pair of beams oan the oscilloscope. The
wave speed was determined by first measuring the
distance that the second (lower) beam travelled Ltefoire
the wave passed the second transducer. Passage 0of the
wave was accompanied by an abrupt jump in the ;raée due
to the nomentary piessure increase. This distance
corresponded to the wave time between traamducers. ihis
tize was taen divided into the distance betweea the
transducers which yielded the averagé vave speed.

Because the wave passage was on the order of
microseconds, a photogyraph of the oscilloscope beasns
(see Pigure (4—4) for example) traversingy the screen
was required for each run. The tvo transducers were
successively repositioned until a coaplete profile of

the average vave velocity along the tube had Leen




.

L o

Aol 2

as A

7 -tma

NSRS

LA PG S N
LYNYAN " %

ay

44

obtained.

4.3 PExperimental Besults.

The detonation induction distances for each of the
gas mixtures were Jdeteramined by observiug the
approximate (plus or minus 15 cm.) fpositiocn cn the
velocity profiles where the overshoot described in
section 1.1 occurred. #®ave velocities ottainsed are
coapiled in Tables (4-1) to (4~-6) aand these values are
plotted in Figures (4-6) to (4-11).

It is interesting to note that the induction
distance for the hydrogezsoxygzeasnitrogen and the
hydrogens/oxygen/helium gas mixtures are identical for
the inaitial conditions used in this experiment. This
observation is consistent with the data cf Bcllinges,
Fong and Edse (ref. 28) who found that for the sace
initial conditions but only half the amount of dilueut,
the induction distances were the same. The distances
obtained by Bollinger, Fong and EBdse are less than
those found in this experiment which is to Le expected
since, in general, the greater the amount of diluent,
the lomger the induction distance.

To calculate the initial Mach auzbter of the flacze
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front, flame speeds oktained by Jones (ref. 31) for
each of tne mixtures were used. The Mach nuskter

The induction distances, initial flaame frout Mach

nuambers and flame speeds are conmpiled in Tatle (4-7)

where the data of Bolliager, Fong and Edse have also

been included. 1Iable (4—-8) contains the data from the

experiments at low initial temperature.
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CHAPTER FIVE

CONCLUSICHS

{ 2ven though there is much evidence availaktle that
confires the effect of both initial teamperature and

b initial pressure on the induction distance ot a

* conbustible gas sixture, it is inherently difficult to

draw caonclusions as to the relative importance between

s these two parameters. This is pasticularly true if

they are to be bLased solely on experimental data.

Therefore, it would be convenient tu determine a
theoretical relationship that would clearly show which

is the more iaportant factor.

In this study, the dimensionless relative energy
transfer to the gases behind the head of a stacle
detonatiorn wave has been analyzed theoretically in Ii;iyi¥
detail for several hydrogen,soxygen/diluent gas
mixtures. Plots of this guaatity (Figuires (3-1) to (3-
4)) as a function of the initial temgerature for
various initial fpressures shov that the initial
temperature appears to be the more significant factoc

in changing this paraseter.
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In fact, the maxisupm change in the relative emergy
transfer is only on the order of ten percent when the
initial pressure is increased ty a factor of fifty.

The maximum difference cccurs when the initial
temperature is very low (100 degrees Kelvin in this
study) and decreases rapidly as the initial teaperature
is increasgd. These results are based on the yas
sixtures coasidered in this study Ltut there is no
reason to believe that other coabustible gas mixtures
would not beldve in this manner. Considering the
relative ereryy transter ver unit mdass (ejuation
{3.3-2)) results in the same conclusion.

¥hen the relative energy transfter per unit voluae
is plotted as a function of the initial temperature for
various initial fressures (Figucre (3-3) for exasple),
this parameter is observed to change markedly with
initial pressure as well as vith iritial temperature.

Therefore, no insight into the relative importaace

bectveen tesperature acd fpressuyre is obtained,

particularly in describing detomations in fizxed
voluses. This is Lecause in a fixed volume, changes in
density neccessitate changes in mass. This result
leads back to consideration of the dimensionless

relative energy transfer or the relative energy




transfer per unit mass.

As far as applying the relative enacrgy tramsfer to

1 the detonation induction distance, because it is

proportional to initial tempeirature, it is easy to say

-

that it is therefore proportional to the induction
distance. However, there are two major disagreepents
with this couclusiun. The first arises Lecause the
induction distance for tuo different gas mixtures catr

be the same but the relative energy transfer may not.

k The hydrogem/oxygens/heliuz and hydrogen/oxygen/nitrogen
3 systems are an example. The second conflict arises

g

i when two different gas wmixtures with the sarme relative

energy transfer do not have the same induction

distance. The hydrogen/oxygens/heliua aad

hydrogeasoxygensargon systems are examples of this

case.

1t is therefore difficult tc say vhether a

relationship for the length of the induction distance

in a combustible gas mixture can be obtained based oa

the concept of relative energy traasfer to the stalle

detonation wave.

Shen the initial flame front Mach number and its

relatiouship with the induction di=tance is studied,

ong md jor problem arises. The relationship is
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coaplicated by the fact that different gas mixtures can
have the same induction distance but different initial
flame front Mach pumbers. Froa the data obtained in
this study and the data comfpiled by other
investigators, it is seen that gas mixtures with
telatively high flame front Mach nuasbers cam have
either long or short induction distances. The
hydrogen/oxygensargorn and hydrogensoxygens/carkou
dioxide mixtures display this effect.

Therefore, consideration of the relative energy
transfer and the speed of sourd ia the usburnt gas
misture show these parameters to be inadeguate ia
themselves to describe the Ltehaviour of the detoaation
injuction distance in cosbustikle gas mixtures.

The cosbustion tube used in this study did not
have transducer mounts in the region very close to the
ignitor. This presents a problem in judging the
accuracy of the value obtained for the induction
distance in each of the low temperatuie hydroyeun/
oxygen/inert gas mixtures. This is particularly true
in the case uhere'the inert srecies sas argon.

It must be aentioned that the wave sgeeds after
detonation for the low temperature mixtures do not

agree well with the calculated values for the stable
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F detonation waves. This is observed by looking at the p_q
‘-. profiles of rigures (4~1J) amd (4-11) and cosparing tte ':__g'i
;:‘,‘ wave speeds after detonation with thcse coapiled in ;?_ﬁ
- Tables (3-12) and (3-13). The calculated values are F“
‘ consistently higher than what was actually aeasured.

1o improve the experinmental results of this study,

- it is suggested that a combustion tule of approximately

E:E: ten €feet in length ke built containing transducer

locations at three inch intervals from the iganitor. 1In

r‘ additica to construction of a new tuke, the use of at

.. least four transducers petr run is advised suca that

- more data can be obtained in a shorter amount cf tize.

. . In general, the use of sany transducer acunts aloang the

B lenyth of the cosbustiou tube wiil produce auch more

coamplete profiles and allov more accurate estimation of

. the detonatioa induction distance.
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TABLE 3-1

Eyuations For Eguilitrium Copnstaats
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2

(°K)

2500
2600
2790
2800
2900
3000
3100
3200
3300
3400
3500
3600
3700
3800
3900
4000

Coefficients Of Equilitrium Constants

e
16.351
16.405
16.451
16.495
16.543
16.585
16.602
16.620
16.635
16.624
16.645
16.645
16.638
16.625
16.612
16.602

TABLE 3-2

P
a

=10

41.289
41.207
41.112
40.993
40.862
40.719
40.553
40.3921
40.225
40.061
39.901
39.738
39.575
39.413
39.256
39.087

10,598, == o1
5.8457
5.8133
5.7810
5.7490
5.7171
5.6854
5.6594
5.6334
5.6078
5.5820
242564
5.5310
5.5056
5.4804
S5.4553
5.4303

10,212 1,0
-08531
-.08483
< 08440
-084G3
.C8370
«08352
-08328
« 03307
«08295
-08233
.C3284
«03282
.03283
-0b8286
« 08929
- 08300

- ... N
1o

l'. )
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TABLE 3-3
Coefficients Of Eguilibrium Constaats
. =
i T(°K) = 10,04, 5200 toyco e,
3 2500 39.865 4.4620 1.5090 =5
’ 2600 39.865 4.4651 1.5137 =5
- 2700 39.861 4.4669 1.5199 =5
2800 39.845 4.4687 1.5236 -5
é 2900 39.809 44696 1.5300 -5
, 3000 39.734 4.4105 1.5366 =S
- 3100 39.701 4.4709 1.5841 -5
3200 39.666 4.4705 1.5526 =5
3300 39.630 4.4696 1.5615 =5
- 3400 39.586 4.4667 1.5703 -5
3500 39.529 4.4669 1.5786 -5
3600 39.484 4.4647 1.5870 -5
3700 39.428 4.4520 1.5956 =%
3800 39.369 4.4564 1.6040 =5
3900 39.302 3.4549 1.6128 -5
4000 39.220 4.4513 . 1.6214 =5

A G s G oA




e
e

(%K)
2500

2600
2700
2800
2900
3000
3100
3200
3330
3400
3500
3600
3700
3800
3900
2000

-y .

T S
~ .

TABLE 3-4

Reduced Sensible Enthalpies

Hy
3.799
3.819
3.839
3. 859
3.878
3.897
3.916
3.934
3.952
3.969
3.987
4.003
4.020
4.037
4.053
8.069

R R S A S A O

H
2.5

2.5
2.5
2.5
2.5
2.5
2.5
2.5

2.5

2.5
2.5
2.5
2.5
2.5
2.5
2.5

.
)

(=)

o«

LN

T

02
4,188
4.208
4.227
4.245
8.263
4281
4.298
4.315
4.332
H.348
4.364
4.379
4.395
4. 409
4. 424

4.438

.‘-'.- . A .Qﬂ;\‘ L)

.'\}\ N

2.543
2542
2.541
2.540
2.539
2.538
2.537
2.537
2.537
2.536
2.536
2.536
2.537
2.537
2.537
2.538
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(%K)
2500

2600
2700
2800
2900
3000
3100
3200
3300
3400
3500
36V0
3700
3socC
39C0
4000

A" mtata"a®

Beduced Sensible Enthalpies

HZO

5.238
5.286
5-333
5.378
S.421
S.463
5.503
5.542
5.580
5.616
5.651
5.665
5.717
S. 749
5.779
5.809

N
3.992
4.008
4.024
4.038
4.052
4.066
4.078
4.090
4.102
4.113
4.124%
4.134
4a 104
4.154
4,163
4.172

TABLE 3-5

T

()

NO
4.114

4.128
4. 141
4.153
4.165
4.176
4.187
4.197
4.207
ba210
4.226
4.234
4§.243
. 4.251
4.258

4.266

N
2.500

2.501
2.501
2.501
2.502
2.502
2.503
2.504
2.505
2.506
2.508
2.509
2.511
2.513
2.515
2;518

co
4.026

. R.042

4.057
4.071
4.085
4.098
4.110
k.122
4.133
G144
4.154
G.164
4.1%4
4.183
4,192
4.200

co
6.316

6.258
6.398
6.435
6.470
0504
6.536
6a 566
6.545
6.62J
6. 649
6.674
6. 698
t.722
be Tuu

6.765
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N ¢

i\ . Absolute Formation Futhalpies At ( Degrees Kelvinm

i (= Hy b
DR (’é) 1 o
R ﬁi Specie Abs. Formation Enthalpy (K)
| . . co -13,6886 9 -.::
N 602 -47,286
S H 25,982 i

H2 . 0

f‘:-:j -~ H2o -28,736 '::'_ﬂj
Sl N 56,613 i

L N, - | 0

NO 10,799 g
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TABLE 3-7

Dimensionless Specific Heats

(@)
(%K) H, H R/ 0, 0 OH
2500 4.315 2.5 4.681 2.508 4.339
2600 4.347 2.5 4.707 2.509 4.333
2700 4.378 2.5 4.733 2.511 4. 360
2800 4.407 2.5 4.758 2.513 5.381
) 2900 4.433 2.5 4.782 2.516 .40
3000 4.458 2.5 4.806 2.518 4.418
3100 5. 484 2.5 4.829 2.521 4.435
I 3200 4.510 2.5 4.851 2.525 4,452
' . 3300 4.535 2.5 4.872 2.529 4407
E 3400 4.560 2.5 4.893 2.533 4481
) 3500 4.564 2.5 4.913 2.537 u.495
g 3600 4.609 2.5 4.931 2.541 4.508
: 3700 4.632 2.5 4.949 2.546 4.521
: 3800 4.656 2.5 4.966 2.551 4.533
; 3900 4.679 2.5 4.982 2.557 4.545
. 4000 8.701 2.5 4.998 2.562 4.55€
i
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TABLE 3-8
Dimensionless Specific Heats
(@)
R
NO
4.467
4.476
4.485
4.492
4.499
4.506
4.513
4.519
4.525
4.530
4,535
4.5440
4.545
4.550
4.554
4.558

L3 e,
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TABLE 3-10

Detonation Parameters For

' 20, + H, + #C0,
At .1 And S Atmospheres Initial Pressure

r Py, = «1 atm.

4

[ T1(°K) T3(°K) p3(atm) wl(m/s) w3(m/s) u3(m/s)

l 100 32530.52 4.28 1926.87 1026.52 500.34
200 3168.72 2. 10 1897.46 1021.87 875.59

; 300 3127.24 1. 39 1875.65 1021. 25 854.40

! 400 3101.54 1.03 1856.93 1023.44 833.49

: S00 3082.58 =82 1838.09 1025.80 812.29

i ‘ py = 5 atm,

. 100 3813.00 231.8 2014.50 1079.07 935.43

) 200 3733.38 114.6 1692.25 1027.69 914.5a

* 300 3695.45 76.0 1975.94 1080.03 895.91
400 3674475 56.9 1962.31 1063.60 878.71
500 3659. 86 45.3. 1948.11 1087.67 660.44

'. -
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. TAELE 3-11

'.‘:«

- Detonation Parameters For
+

- 30, + Hy + N

At .1 And S Atmospheres Initial Pressure
Py = .1 atm.

o o
Tl( K) T3( K) p3(atm) wl(m/s) w3(m/s) u3(m/s)
100 3076.23 4.92 2167.68 1162.83 1004.9
200 3015.84 2-.41 2134.08 1154.05 980.0

r 300 2986. 41 1.59 2109.01 1150.98 958.0

490 2968.67 .18 2085.90 1150.08 935.b6

500 2957.45 .94 2066.37 1150. 41 915.9

. ' P1 = 5 atmp
100 3499.02 269.0  2281.36  1236.06  10u5.3

. 200 3457.83 133.0 2255.86 1230.62 1025.2

] 300 3442, 43 88.1 2236.92 1229.80 1607. 1

400 3436.98 65.8 2220.38 1230.9%6 $89.4

3435.83 52.4  2204.57  1232.85 971.7

..........
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TABLE 3-12

Ts

DA
'.'..' P

Detonation Parameters For

0
2

ioz + H, + He

At .1 And S5 Atmospheres Initial Pressure
Py = «1 atm.

T1(°K) T3(°K) p3(atm) wl(m/s) wj(m/s) uj(m/s)

100 3253.20 5«35 3277.05 1764.49 1512.0
200 3165.57 2.61 3215.48 1743.590 1471.9
300 3120. 12 .71 3171.56 1734.03 1437.5
400 3091.03 te 27 3134.12 1729.06 1405.1
500 3070. 13 1..00 3099.15 172;.28 13729
Py = 5 atm,
36866485 304.6 3522.64 1922.12 1600.5
3776.10 148.8 3407.82 1902.13 1565.7
3730.89 98.0 3429.70 1893.64 1536. 1
3703.49 72.9 3397.92 1889.73 15C8.2
3684.85 57.8 3368.806 1888.03 1460. 8
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TABLE 3-13

Detonation Pacameters For

502 + H2 + Ar
{ At .1 Anud 5 Atmospheres imitial Pressure
P, * .1 atm.
T,(%%)  T5(°K)  py(atm) wy(n/s)  wy(m/s)  us(u/s)
\ 100 3253.20 5.35 2019.80 1047.54 932.26 .
200 3165.59 2.61 1981.90 1074.61 907.30
300 3120. 09 1.71  1354.70 1068.76  885.95
400 3090.99 1.27 1931.61 1065.70 865.91
500 3070. 14 1.00 1910.19  1063.99 845.20
P, = 5 atm.
100 3866.85 303.6 2171.17  1184.7¢  98b.47
200 3776.10 148.3 2137.38 117237  965.01
300 3730.89 98.0 2113.89  1107.14  946.74
400 3703.49 72.9 2094.30  1164.73  929.57

500 3684.85 57.8 2076.39 1163.66 912.71
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TABLE 4-1

Wave Velocities, w, Vs. Distance Froas Igaitor

#0, + Hy + #C0,
{1 Atm. Initial Pressnre and °300 K Inatial Temp.)

Distance (m) Run *1 (s/s} BRun ¢2 (m/s) Run #3 (m/s)

1.49 162 162 162

: 2.41 94 1 941 941

3.01 1360 1360 1580

3.31 - 1613 1741 1613

3.9t 2511 2651 2511

4.53 2162 2179 2214
- 4. 84 2191 2125 2093

5«77 2109 2126 2105

6.23 2044 2007 2032

[AAS
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v TABLE 3-14

Belative Energy Transfer Per Dait Voluame

. 30, + H, + N,

° .

T, ( K) P37P; (atm.)

100 4.82

200 . 2.32
- 300 p, = .1 atm. 1.49
' 400 1.08

500 .84

100 264.04

200 128.04
. 300 py = 5 atm.  83.%4 .
- 400 60.81

S00 47,44
.
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. TABLE 4-2

:: - Wave Velocities, Wy, Vs. Distance Froa Ignitor

'. -~ 30, + H2 + N2

E (! Ate. Initial Pressure and 9300 K Initial Tenp.)

-f:‘ Distance (m) Run #1 (m/s) Bun $#2 (m/s) Bun #3 (o/s)
. | 1.80 633 639 645

3 3.01 1799 1705 2020
3.31 3193 3193 3048

3. % 2852 2913 2883
4.53 2794 2736 2736
4.84 2580 2683 2580

| 5.77 2474 2445 - 2060
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- TABLE 4-3
\':‘

Have Velocities,w1 + V8. Distance Fros Ignitor

§02 + H, + He

2
{1 Atm. Initial Pressure and 9300 K Initial Teaf.)

B

Distance (m) Run #1 (ma/s) Bun #2 (m/s) BRun #3 (m/s)

.50 752 767 784
> 1.49 560 582 577
- 3.01 2€92 25G0 1313
& 3.31 4868 4801 4963
2 3.40 4311 4501 44c2
g 4.53 4014 4038 4224
i 4. 88 3895 3939 3895
, 5.77 3702 3734 3734
b 6.23 3533 3533 3533
[
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’ ZABLE 4-4
X Wave Velocities, Ve Vs. Distance From Ignitor
}Oz + H, + Ar
(1 Atu.rlnitial Pressure and 9300 K Initial Teuap.)
Distance (m) Run #1 (a/s) Bun #2 (®/s) Run #3 (&/s)

1.49 312 298 319
1.80 960 1131 1002

. 2. 41 2674 2508 2362
3.01 2347 240b 2307
3.31 2336 2336 2338
3.94 2272 2272 2236
4.53 217y 2137 2179
4. 84 2262 2262 2262

- 5.77 2236 2147 2147
6.23 2146 2191 2168

..
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! TABLE 4-5

Wave Velocities, Wy, Vs. Distance Froam Ignitor
+
- i‘oz HZ + He

(1 Ata. Initial Pressure and °149 K Initial Temp.)

Distance (m) Run #1 (m/s) Bun $2 (m/s) Bun #3 (a/s)

.43 280 286 320

«90 570 545 600

1.49 868 995 1194

1.80 762 469 554

= 2.41 1051 —- ——
” 3.01 2172 2389 2275
. | 3.31 1353 1449 ' 966
3.94 1296 — ——-
i 4. 53 1003 841 1152

& =-=== Data not usable
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TABLE 4-6

Wave Velocities, Wy, Vs. Distance From Igaitor

}02 + H, + Ar

(1 Ate. lnitial Pressure and 9140 XK Initial Temp.)

Distance (m) &uno #1 (a/s) BRur #2 (n/s) &Bun #3 (a/s)

<43 609 563 —————
-9 2213 2326 ——
1= 49 1843 1393 1528
1.80 442 1637 1707
2.41 2121 1840 2015
3.01 2120 2222 ———

3. 31 2018 1945 ———

®# =—==-= Data not usatle
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TABLE 4-7
Flane Speed, Speed of Sound, Initial Flaame Front
Mach Nusber, Initial Density And Induction Distance

T1 approx. 300 °k and Py = 1 atm,

Diluent u, (a/5) “a.f"/s’ M, na(Kg/l*‘3) di(cm-)

N, 4.60 435.62 .0106  .7479 325
Ar .43 398.68 L0111 .9418 225
He 6. 44 646.67 .0099 .3578 325

30, 6.07 367.94 .0147  .8129 375

iN, 7.89 467.18 .0168  .6504 228+

2Ar 8.00 435.73 .0184  .7716 179+
Ar 4.43 398.68 .0111  .9418 240+

3He 9.34 600.28 .0156 4065 - 223+

ico, 6.07 812.54 0147  .8129 -—-

* Data from feference 28 (15 aa diipeter tule)
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TASLE u4-8
Flame Speed, Speed of Sound, Initial Flame Front
Mach Number, Initial Density And Induction Cistance
T, approx. 140 °K and p,; = 1 atm.
Diluent Ugplu/S) "a.l('/s) lf P1{Kg/m**3) di(cn.)
He 3.076 454.07 .0068 -7666 275

Ar 2.117 279.85 .0076 2.018 15
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Figure 4-2

Ignitor and Inlet Assembly
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APPENDIX
Derivation Cf Eelative Emergy Transfer

The relative eneryy transfer is equal to the
ditference between the stagnatiop enthalpy in the
uaburnt, unshocked gas mixtyre and the stagoatiosn
enthalpy of the gases at the tail of the stable
detonation wave. 7This difference is exgressed as,

T r
An° = nA « u§/z - nt (A-1)

The energy equation written relative tc the wave
speeds is,

3 . -3/2 - + w1/2 (a-2)

therefore,
T

T
g - nt = (wd - vi)/2 - (A-3)
Substitution 1anto equatioc (A-1) produces,
AR® = (w2 - w2)/2 + (w, - wa)3/2 (A-)
1 3 1 3
and from the continuity ejuation,
'3 = '1 (V3/V1) (5-5)
S0 eguation (A-4) becosmes,
an° = wi (1 - v3/v1) (A-6)

The Hugoniot equation is finally eaployed to
express W), in terms of the pressure and specific voluue
ratio so that equation (A-6) becones,

An° -(111'1-1(;»3/;»1 -1)/(1 - "3/"1)) s (1 - "3/"1) (A-7)
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I. INLTRODUCTION

This analysis investigated the effect of neat addition
(due to fuel mass addition) on the thermodynamic and gas-
dynamic properties of an established one-dimensional,
chemlcally reacting, subsonic flow. In particular the effect
of the fuel mass addition on the upstream conditions of the
primary flow (air in this study) was examined.

It was assumed that the flow was adiabatic relative to
the environment and friction was negligible between the flow
and the walls of the duct. The length of the duct from the
measuring point of the upstream primary flow conditions to
the point where complete combustion has occured (chemical
equilibrium prevails) 1s assumed to be long énoush to allow
for 'secondary flow injections (fuels), and complete homo-
genous mixing of all gases. Most importantly, it was
assumed that at some point past the combustlon zone, the
flow becomes choked. This last assumption allows the problem
to be solved and in practice is found in turbojet operations.

Only the theor tical analysis 1s included in this report.
Gaseous hydrogen has been used as the fuel because of its
high heat release and availability. Due to the compllications
involved in building an experimental device which closely

approximates a basic gas generator, the experimental results

have yet to be completed.

2 A IINN NI A

v

W SRS N D '.\ [

ALY




?:4'.“;?;‘;:‘-7;'4'.:‘:*:‘:':‘:;7.‘..".':'I;:"T:l"‘::*’::-‘:.‘-':':"."-:': B O AL A A A oA ek e e e
;
: - II. THEORETICAL ANALYSIS
; A. General
' The objective of this report was to theoretically
; simulate the effect of fuel flow changes on the temper-
E ature, pressure, and speed of the flow of a basic gas genér-
" ator which is the heart of the turbojet, turbofan and
i turvo-prop engine. This problem has been approached in
‘ past literature under two areas, compressor-turbine matching
E: and acceleration, deceleration problems of turbojets. The
'E latter being more in tune to this report. However both areas
have only been lightly discussed in compressor stall mater-
é; 1al, and quantitative information on them 1is scarce.
['. Industry has concentrated little effort towards studying
Q: acceleration, deceleration stalls from fuel flow changes for
;; they feel that the acceleration and deceleration schedules
< built into the fuel controls of their production engines
2; sufficiently handle the problem. However it is felt by
. these authors that pressure disturbances (from an increased
fé fuel flow) are generated much faster than these schedules
can react. Therefore engine failure results despite having
oeen thought to be free of such a failure., As will be shown,
[i this relatively simple assumption gives a feasable, realistic
N explanation to unexplained engine fallures experienced by
%: some of the high performance turbojets on fighter alrcraft.
G "he problem is more prevelent today since we require engines
- to.operate near their peak performances.
o
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B. Compressor Maps

.

Examining compressor maps of an engine, one can see

how fuel flow controls or schedules do decrease the chance of

T stalls. PFigure 1 shows a typical compressor map which lends
» to understanding the operating limits of compressors. The

- pressure rise through the compressor (P3/P2) is plotted

Ei against an altitude corrected alr mass flow rate (m 82/82).

The notation for figures 1 and 2 is given below.

= -

Table 1. Compressor map notation

P/Pg P - altitude pressure Ps - standard press.
T/Tg T -« altitude temp. Ts - standard temp.
mass flow rate

subscript for compressor inlet

subscript for compressor exit

subscript for turbine inlet

compressor RPM's

~~ o~
Zswhod oo
~

[ I T I I |

Under an ideal acceleration, an increase in fuel would

increase the combusticn temperature which in turn would in-
N
crease the work done Qn the turbine, increasing the comp-

ress?r RPM. The schedules now built into production engines
maintain a path such as path Y. Along Y the temperature ratio
does not increase so drastically tﬁat stall conditions are
reached.

However this 1s not a complete picture of the gas gener-
ator. Nothing in the compressor maps accountsfor:g:éssure

coues being sent upstream to radumcr Che waons %EN rali c{m

hdbu& combustion chamber from the compressor. These pressure dis-

turbances, as shown in this report, disrupt the flow from the

L, compressor., This can lead to stall - in the compressor,
‘. *
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Thus the entire com~
pressor may be disturbed.

The arrow in figure 1 shows how the stall or Surge
line decreases as altitude is increased. Most 1llkely the
pressure disturbance from a fuel flow change also decreases
the pressure ratio. Therefore 1f path Y is again followed,
it is possible that it now passes through the stall zone.

As stated earlier it is believed by these authors that
the actual path the engine takes is not like Y but more like

path Z in figure 2, Here the temperature ratio increases

much faster than the turbine and compressor speed,

When the engine is operating at a higher CPR and higher RPM,
as are todays engines for maximum performance, this increases
the chances of such an occurance for one would be Opérating
in the upper right hand vicinity of figures 1 and 2 where

there 1s less room for chouvialion, .
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C. Heat Addition Cnly

Before studying flow changes due to fuel mass addi-

tion much insight into the problem is obtained by first

- YTy

. looking at how heat addition alone causes changes to an
unheated, subsonic, inviscid flow. A one-dimensional,

f constant area duct is used and the ges is assumed to be
3 calorically perfect. Figures 3 and 4 illustrate the sub-

script notation used in this particular analysis.

At some point along the duct, heat is added to the
flow producing a local change in pressure. Since the flow
is subsonic, the pressure disturbance is transmitted both
downstream and upstream through the duct, thus altering
the initial conditions of the entire flow. In particular
the pressure waves may cause the static pressure of the
unheated gas to increase and bring about a reduction ir the
mass flow rate. This will now be shown to be true.

Two CAThAx&E;”3are required, The first is that the

static pressure downstream, that of the heated gas, remains

) P"OJSU"C
constan%nthereforg,is that of the initia%«(Pz = Pj). The

second C4nui&ﬁ}n is that the compression of.the unheated
€as as a result of heat addition, is isentropic and no
energy is transferred to the initial gas because the rate

of compression is moderate. This implies that P; = P; and

T; = T{. Thus the problem has only 3 unknowns, My, ¥z, and

Lo
e Yy - .

T2. one of the three can be solved for directly. Cne

C Y, %,
'y
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Fig. 3 -~ Unheated flow

q (heat)

. subseript (1) subseript (2)

- Fig. 4 - Flow after heat addition
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solves the problem by applying the continuity, mome:ntum, fi
! and energy equations. , i.,\:.,.,;
.-._:.._' .T. ¢
- The continuity equation written for figure 4 is ?i;§3i
- A
‘ PiU, = Pl -==(1) :'.':};'.:,.':
i Letting pu = %% = ypM , and P = F;, equation (1) becomes et
- YRT -
o Byliy = Pillp. ---(2) S
N L1 VT2
f? With no work being performed on the gas, the momentum
= equation can be written
c P, (1+YM}) = Py (1+yME). -==(3)
o The energy equation for this flow is
-“ ° o
Tz =T1 +g_
N >
-]
5 —'Y

or T, = Ti(1+1§l M;+ESTI)
P

where T; = Ti and q = Joules per Kg of eir. Cp = J/Kg- K.
] So q/CpTi is a dimensionless heat release factor. The

isentropic relationships give

o X
~ P, = Py 1+1%3 MI\Y-1 -—=(5)
= Tl M

. and

[ ‘o .
T, = Ti/(1+1%; M;), T, = T2/(1+1§l Mg) -(6)

| OO

L

Substition of equations (4),(5), and (6) into (2) gives

o8

a relationship between two unknowns )y, &, and three

[ N

knowns, M;, Ty, and q. It is listed below.
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F

M, 1+ -l Mz -l M Y-l = M +y=-1 M
J (t I e it
’1+L°
CpTi

A second relationship between [y and Mz is obtained

by substition of equation (5) into the momentum expression,

equation (3). This gives for M

= ‘ - -
M, (44]) /vy M -1 1 e (8)

Equations (7) and (&) now contain only two unknowns

ieither can be solved for explicity so some

Iy and ilp.

type of trial and error iteration must be used. Cnce My

and M2 are found for a given heat input (q/CpTi the

static temperature of the heated gas can be found from

equations (4) and which can be written as

Y+l
T, = Ty +I-1 M’ y-1
Also P; = P, (1+y=1 M} )y-1

Completing the analysis, the final mass flow rate is

found from the mass flow rate general expression.

m = pu = yPM = IP M

VYRT (1+1§; M‘)§7—¥l)¢YRT

. s . 3 9 ° o s :
Nith 79 = Tj and Fq = P; this gives

10
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é These expressions show that heat addition to a flow a4
?, described earlier, iricreases the upstream static pressure,
= slows down the flow, and decreases the mass flow rate. It
- is easy to see that if some high preciﬁ;ion device such as
o
a compressor were located upstream of the flow, it would
&ﬁ react to the heat addition downstream. Figures 5-13 show
.- the effects of heat addition (q/CpT;) to an inviscid sub-
k sonic flow passing through a constant area duct. Equations
N (1) - (9) were used to obtain these figures with P2 = P; =
- 1 atm, Py = Pj, Ty = Ti, and T; = 288°K.
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1, General

The effects of mass addition due to a fuel flow
change will now bte discussed in this section. The addi-
tional mass in the flow releases heat upon combustion.

Both the increaséd heat and the presence of the additional
mass alter the flow conditions upstream and downstream.

The flow ‘is considered to be steady, one-dimensional,
inviscid, adiabatic with the environment, and it is assumed
that complete homogeneous mixing has occured before comtus-
tion.

The following analyis is baseol en the special condition
that at some point past the combustion zone the flow Is
choked. This is a realistic assumption for turbine nozzles
are often choked over a good part of their operating range.
Extending this analysis one can see that with a choked
afterdburner, the turbine-afterburner operation of the turbo-
jet may be disrupted by way of fuel changes to the after-
burner. Therefore had choked flow not been assumed, the
problem would have to be solved with incorrect assumptions
placed on the combustion gas. (This was tried and produced
inaccurate results)

Many attempts were made to formulate solutions which
accurately simulated fuel flow changes and their effect on
the flow. Primarily, modifications to the previously com-

pleted heat addition of section C were attempted. But these

2l
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either reguired non-realistic assumptions as
mentioned before, cr produced egquations with too many un-
knowns, Always the equations of motion had to te satisfied.
The difficulty of the entire problem arises because the
upstream conditions change. One can not simply set up the
equations‘of motion by adding the primary and secondary
flows then solving for the combustion flow. Because the
primary flow changes, an iteration process must be used.
This technique is outlined in the next subsection.
2, Solution of rroblem

The addition of gases to a primary flow through a
duct may be accomplished in either of the three ways shown
in figures 14 - 15, The secondary flows can be added from
the side and may or may not increase the duct area (fig. 14)
or the fuel can be added tangentially (fig. 15). the setup
in fig. 15 was used for it simplified the momentum equation
and in the future would make the physical apparatus easier
to construct., It is realized that in combustion chambers
the mixing of the fuel and combustion occurs almost simul-
taneously, but in this analysis the process is separated
for simplicéity.

Two ways can be used to get the values of the combus-

rigorous one

tion chamber variables, The VhostAthvolves using equili-
srium constants to culculut < the mole fractions of each
species ir. the combustion gas. However since the tempera-

ture in turbojet combustion chambers is always lower than

oyt e N
A SAGCREN AR C A, LY
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20007, dissociation is minimal and the method is tecdious,
{For a complete description of this method see reflereace 3),

Tnstead, dissacialion s disregurded and the combuilion

"3“5 l‘> assumed o con.sf.;f of nifrojen,o)cyje n, wakbep
vaPor,and cqrbon dioxide om’),.

Both methods do use the same general approach in cal-
culating the speed and temperature of the combustion gas.
This involves calculating the speed from two different
equations., Cne is derived from the momentum and continuity
equations and the other derived from the erergy equation.
Soth require an estimated combustion temperature. The two
speeds are compared for a certain temperature and a new
estimate of the temperature is made based on their differ-
ences, This iteration is continued until the value of the
speeds from each equation are pvaclicallyr the same. This
also gives the correct temperature. Cnce the speed and
temperature are known the pressure is found from the conti-
nuity equation,

It should be noted at this point that problems en-
countered most often when programming this problem, involved
the calculation of the two speeds mentioned above. Figures
16 and 17 give qualitative pictures of how the speeds change
with temperature. Referring to fig. 16, for an initial

temperature estimate points A are found from each equation

and plotted, A new temperature estimate will give points
B. It is easy to see how they will converge to a solution.

The intersectior of the lines on the negative slope of the
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momentum~continuity lire is a physically impossible solu-

tion (flow goes from sub to supersornic) and is not lookec !:,,..‘j

N into in this report. ;213;‘;:

l: f'.. . . . ,.:7-:.'-‘
e When heat addition leads fo chokeud Slow {¢witil ?:1:::
| = qas speed (s Ess high),there (s mo solubisn as -
' 5 F! P gh’s k, j
N v , . . . - / F e
) Showm M-th.”. In this case Yor the fower i
4 A
l = temperature estimates the speeds are obtainable but never R
-’ N

converge. For higher temperature estimates negative square ﬁ_,.~_,_.1
o ..‘.1
roots are obtained when running the program. Foints A,B, )

N and C in fig. 17 show the first three temperature estimates,

I r After a new estimate from points C, the equation for the
speed derived from energy soon produces this negative root
due to the temperature increasing while the maximum value

' . . allowable from energy hé.s already been reached. A glance '

‘ " at the energy equation in the next subsection will illustrate

) this further. 1If this occurs then the speed of the ouiv .rno{/

! E or fuel flow must be decreased to obtain a solulion,

3. Program Analysis .

'The following detailed discussion of the program will

_i o~ enable the reader to fully comprehend the technique used

sp

‘ in solving this problem, Each step will be numbered for ,_«.
B, reference. The reduced sensible enthalpies, (H-EU)T , i
i w "TAH oy
g : . T . . . PO
. formation enthalpies, ﬁi) y dimensionless specific heats,
2 T o T .. )
. (Co) , and entropy coefficients, (Cs) which are needed can e
i [ R /1 1 P
L be found in thermodynamic tables ( JANNAF, AFCSR TR 3641) ey
N N
N 80
i o 28 7
v g
. ALY,
Y . &
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5 linear
for temperatures ranging from 100 to 6000 K. A n}nter-

polation method is used to calculate values for
temperatures between those in the tables. In general the
program leads to a calculated throat area. This area is
compared to a specified area and the upstream Mach # is
modified until the calculated area is equal to the speci-
fied area,

The progranm begins by establishing a steady combustion
for a fixed fuel flow. The areas of the primary flow and
fuel line are known, The mass flow of the air, as well as
as the stagnation temperature and pressure of both the fuel
and the air before they are mixed are specified. Since the
injection speed of the gaseous fuel is sonic, fuel flow
chariges occur from changes in the fuels' stagnation pres-

sure, Gaseous hydrogen has been chosen as the fuel,

Mc,l 1s calculated before the fuel is added.

c,l ® Maip J Rair c, 1/(Pc lAc,lY)

The mass flow of the fuel is found.
2: m, = ArPf/\F (x )%-I
The next step is skipped the first run through,

o y+l
3t Mgy = Ag 1Pe, 1V M, 1/ \J airTe 1(1*1;} Me,1)70-1) )

The fuel-air flow mixture ratio is then

1: M

29
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y;: ¢ = mf/mair

! Next the static pressure of the fuel as well as the static
temperature and pressure, and the speed of the upstream

primary flow (air) are calculated.

»

S o A

- . 2 S

6: Te,1 ™ Te, 1/ (14xzl Mg l) L O .-

. = p° ° yv/v-1
g 7: Pc,l Pc,]. (Tc,l/Tc,l)
]
8: Uc,l = Mc,l yRair'l‘c,l
. The maximum speeds possible for the combustion gas are ,
|
calculated. They are based on momentum-continuity and e

. * .'; \;7'."

N on energy and lead to the two speeds discussed earlier in 1'\"-‘.
. ;\:7\:;:' J

2 subsection C. it

(M=C)

5:..; 9: Ue,2 max ™ (f(ur+Rfo)+(Uc 1*Ray T 1)) 7/ (1#1)

Ur c,l

[ &

; (e T 2)1)+ 141)

10: Uy 3 max ™ J(z((RrTr(H-Eo)ﬁt;elw 2/ (

. T

oy 2

where A= RairTc H=Eo c 1+ Uc 1

- RT ir 2

t Now the moles of 02, air and the moles of the combustion
N _':._ -:\;:.

i gas are found. These will lead to the value of the ;:}-::Z-".-_
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formation enthalpy of the combustion gas.

v

Vagr * Mg 7/ (EM44.)

v =y + 1/2

cg alr

gas constant of the combustion gas 1is then

Reg ™ Ragp(1+H(EM, /2M )/ (141)
formation enthalpy per unit mass of the combustion

is given in terms of the absolute formation enthalpiles
kmole. These absolute formation enthalpies for differ-

species are listed in table 2.

T
O R eE o
RT | cg KT H,0 ﬁair kT 0,

Calculation of the two speeds based on the equations of
motion 1s now possible. The temperature is iterated on
until the valués of the two speeds agree to a desired
accuracy. A new estimate of the combustion gas temper-
ature is obtained by using a multiplying factor times
ff the difference in the two speeds. This factor depends

on the rates at which the speeds change. For thils step

-
-

T O T L T T AR

UNCS
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a value of X = 0,03 was used.

6 (M=C) (M=C) (M=-C) .
%; 16: U, o = % Je,2 max = (?c,g ma%) “Regle,2
- (E) (E) 2 | T, 5
S . = - ’

17: Uc,2 Uc,2 max 2chTc,z _f
. RT/ ¢g

(E) (M=C) -7
. 18: 1IF ABS (Uc,Z - Uc,2 ) < 10 GO TO #20
-
E) (M=C)

. mest(n+l) _ qest(n) ( -
& 19: Tc,2 = Tc,2 + X(Uc,2 Uc,2 ) GO TO #15

The pressure of the combustion gas 1s then found from

the continuity equation.

- 20t P, = (4£)R_T. ., /U T , +fR,T
- cs2 cg c,2 ¢,2[ air"c,l £°f

¢c,17¢c,l
- The conditions at the point of choking, the throat,
are now found. An estimated temperature for the throat
€ is needed to get the formation enthalpy per kmole of the

gas there. Since the speed 1s sonic the temperature will

be lower than that of the combustion zone. Therefore

. T T T T
21: hé) t = (Hf> t + vair(H£> t - % £\ ¢V Ve
RT/cg T H,0 fT/air RT 0,

and the specific heat is

....... et T e s e
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_ 22: CD)Tt = (_32 Tt + Vair (Cp Te - %‘SE Ty MNog o
g R /cg Q‘)Hzo R /air (R 0, 0.
Dl
tg §2%1§
s so P
. t e
- 23: *cs - : » .
KE cg cs e
M™e 'h\f(lﬂ') / (‘h\r +1°f) o

g oL 3
‘“\air
r— Since the stagnation enthalpy of the flow does not

change, this value is calculated at the throat and is com=-
e pared to the value from the combustion zone. A new throat
'.' temperature is estimated based on the old value and the

difference in th’el stagnation enthalply values. The temper-
ature is iterated on until the two enthalpy values are

. approximately the same. A multiplying factor X=0.3 was

used for this 1lteration.

[+

‘, 25: (%:: ,2 cale < <ﬁ> t/ﬁ\cg _%%Eg

. T - T
- . c,2 _ ¢, ‘ c 2 calc
26: AMmy °° Te,2 % . PR U
R/ce cg R

¢,2y o 1074 G0 TO #29

T
) 28 Tc“tmd‘ = ﬁ."m)* X(A(‘-\Qi) ) ¢o 10 w21 ::'.E'.':-f:




The entropy coefficients of the gas at the combustion

zone and at the throat are then found and are used to

determine the static pressure of the gas at the throat.

T T T T :
c c,2 _ c c,2 v €,2 _ 1 c,2 /v
( %"5 (( "’)H 0 alr 'sja4p 3 s) o, cg

2

t t t t
30: {C = {(C + v (o] -1 /v
( s) cg (( s) H,0 air ( s) air 2 $)02 ) cg

29

()
F 31: Pt = Pc’th cg /T

Now a calculated throat area is found. Thls is then
h compared to the specified area. If the two are different
a new value for the Mach # of the upstream primary flow

(Mc,l) is calculated and the entire program is run again

F iterating on Mc 1 until the two areas are the same. The
A »

multiplying factor here is X=500,

cale .
32: A, = (me+m

air) VRoeTe/Yog)

spec calc -10

33: IF ABS (At - A ) < 10

t GO TO #35

spec cale

34: M =M L+ X(At - At ) GO TO #3

c,1 c,1l

- - L ] LI . - - - - -yw - L . . ad - A
0 D G A DR X (NG00 o
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The last calculations give the stagnation pressure
and temperature of the combustion gas. An estimate for
the stagnation temperature is obtained assuming a perfect
gas. The temperature is iterated on until the stagnation

enthalpy 1is correct.

35: T. , =T + U? -1
c,2 c,2 °2$'R:

~ =%

) : 2 calc T? T?° T?
36: hf ’ = H c,2 , v H ¢,2 _ 1/H €s¢\/v
BT i by alr{ ' f 5 f cg
cg /w0 air &%
2 2
[ ] ()
37: /h Tc,2 cale Tc,z calc
© e,
cg cq

o Q Q
38: A ht‘ Tc,Z - <"f Tc,2 - hf Tc,z calc
(T)cs Tl;>cs <K' cg

The first value on the right side of eq. 38 is obtained
from line 25.

Te, 2 -7
39: IF aBS (athy\ €2 ) < 10 GO TO #41
R/c8
40: T° . = T _ + X(& T°'2) GO TO #36
* c,2 c,2 T 3
CYLT

35
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Finally
o o Qo Q
41 TC,2 - Tc,z Tc,2 Te
* s Cs * Vair Cs =16 ) ve
cg H,0 atr 2\ °Jo, g
Q -]
2 c,2
c\ ©» c ’
. ° ° sjc o sjc¢c
42: Pc,2 Pc,2(Tc,2) ) / (Tc,Z) )

43: PRINT VALUES
44: sToOP

. Figures 18-31 show the results of a program run
using the equations listed on the previous pages. The

o fuel used was gaseous hydrogen,

é

4., Results
Figures 18-31 illustrate tre effect of a fuel flow
properties of a suhsone
change on E'nsupsfream,\ flow. I}: is evident that the up-

stream conditions change due to the downstream addition 05‘ keal‘amo(

vpstream
e mam Even though theApressure rise was small iy the
‘& Tt
speed decreased by 20% and the mass flow by 20%.

L Presently an experimental device
. is being constructed to fes€ these results. e
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L' Table 2 - Thermodynamic Values of Alr
T T T
! 'I;e:P . (C s)air (;%) air (Sﬁ%air
[ 100 4,24293 3.48805 3.50021
E? 200 4.14739 3.49302 3.50142
_ 300 4,10166 3.49805 3.50951
g 400 4.07375 3.50441  3.53964
F: 500 4.05556 3.51745 3.59503
600 4,04349 3.53555 3.67121
E 700 4,03564 3.56180 3.75530
_ 800 4,03084 3.59063 3.83840
b 900 4.02821 3.62299 3.91735
: 1000 4,02701 3.65572 3.98804
i 1100 4.02689 3.68882 4,05031
f‘ 1200 4,02758 3.72108 4,10616
| 1300 4.02870 3.75313 4,15385
P 1400 4,03017 3.78297 4,19756
- 1500 4.03199 3.81218 4,23507
2 1600 4.03364 3.83960  4,26844
- 1700 4.03593 3.86581 4,29844
1800 4,03801 3.89023 4,32586
_ 1900 4,04025 3.91302 4.35070
2000 4.,04236 3.93666 4.37358
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Table
Absolute Formation Enthalpies
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For Eleven Species

At 0 Degrees Kelvin
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